Stopping high-power, long-pulse beams is fast becoming an engineering challenge, particularly in neutral beam injectors for heating magnetically confined plasmas. A brief review of neutral beam target technology is presented along with heat transfer calculations for some selected target designs.
Introduction
Since most of the large, next-generation tokamaks and mirror devices will require neutral beam injection (NBI) heating, increasingly higher beam powers will be demanded in order to obtain reactor-grade plasma temperatures. For instance, the Tokamak Fusion Test Reactor (TFTR) is designed for an NBI power of about 2C MlW and an engineering test reactor is slated for more than 50 MW. Total (neutrals and ions) peak power densities normal to the beam axis are typically a few tens of kilowatts per square centimeter for present NBI systems1 and higher yet for future systems. Stopping such beams is no longer a trivial problem.
A typical beamline2 consists of an ion source, a closely-coupled neutralizer gas cell, a separation magnet for the residual ions from the neutral particles' passage, an ion beam dump to stop such separated ions, a retractable calorimeter target in a drift duct connecting the beamline to a fusion device, and, in a test facility, a target simulating the location of the fusion plasma. In the injection mode, the beam power is absorbed by the plasma column (for neutrals) and by the ion beam dump (for residual ions). In the beamconditioning mode, the neutrals are stopped by the calorimeter target instead. When beam diagnostics require the total beam (neutrals plus ions) or when the separation magnet is accidentally turned off, however, the drift duct calorimeter target will be irradiated by the total beam. It is therefore desirable to design a target capable of handling the total beam power. Power loading to the ion beam dump relative to the total beam power increases as the beam energy increases because the ion-to-neutral conversion efficiency decreases with increasing energy. The ratio of the neutral fraction to the ion fraction for an equilibrium neutralizer gas cell is given as foc/f+± = o1o/001, varying (for instance, for protons) from 1.5 at 40 keV to 0.25 at 100 keV.
In general, two types of target design have been used:3 an actively cooled target and a "thermal inertia" target. Beam is of concern. Since they are pulsed, it is possible to employ a target of high thermal inertia whose surface temperature is proportional to the square root of the pulse length if the target is sufficiently thick. As the beam pulse length (tp) is increased, the useability of the thermal inertia target diminishes and an actively cooled target is needed.
Removal of the neutral beam energy deposited on a target depends on conduction across a thickness (6) One other way of increasing both the irradiation area and the cooling rate is to assemble a target from a number of tubes. A tube has several advantages as a target element over a flat plate: (i) it has an irradiable area Tr/2 times larger, and the heat input density decreases with cos f for a parallel beam (see As shown in Fig. 2 Two-Dimensional Heat Conduction. As we have noted earlier, the input heat flux is highly nonuniform azimuthally when a circular tube is placed across a parallel beam. Consequently, the inner-wall flux is nonuniform, making convective heat transfer a very complicated problem. In order to see the effect of azimuthal heat conduction, the two-dimensional steady-state heat conduction equation is solved by assuming that the heat transfer coefficient is independent of inner wall flux variation. power density of about 6 kW/cm2 was routinely handled by this target (beam pulse length -0.3 s).
shown by the dotted line. Without the two-dimensional conduction relief the inner wall flux would have been about 1.43 times that of the outer-wall flux. Azimuthal conduction effect depends upon the value of h, the cases in Fig. 3 being (a) hri > k and (b) hri < k. Figure 4 shows what happens when only a quadrant of a tube is exposed to the same beam by a shadow arrangement (fo =')). The If temperature behavior after a time much longer than the diffusion time is of interest, for example for analyzing thermocouple array data, the problem should be handled three dimensionally18 because the thickness of an actual target is finite and the beam intensity profile is not uniform.
In most cases, the one-dimensional analysis sf- Several other areas also require further work: Thermal stress and sputtering will also be of concern for the cases where the target lifetime is an important factor, such as for fusion power reactors. Direct energy recovery schemes20 of charged particles, if developed, will ease the ion beam target requirements, which otherwise become more severe as the particle energy increases.
